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Abstract 
Use of ultrasonic and electromagnetic waves is continuously increasing for nondestructive evaluation (NDE) and structural health 
monitoring (SHM) in civil, aerospace, electrical, mechanical and bioengineering applications.Between bulk waves and guided 
waves, the latter is becoming more popular for NDE/SHM applications because the guided waves can propagate long distances 
and reach difficult to access regions. For inspcting porous and some non-porous materials in which the ultrasonic waves attenuate 
fast, electromagnetic waves such as THz (terahertz) radiations have been found to be very usful. Recent advances in ultrasonic 
and electromagnetic wave applications forNDE and SHM are discussed in this paper. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
 Guided ultrasonic waves are very useful for Nondestructive Testing (NDT) of materials. Their use for 
material inspection and structural health monitoring (SHM) is increasing continuously.The reasons behind its 
increasing popularity are: (1) compared to the bulk waves the guided waves can propagate longer distances before 
they lose their strengths, (2) both longitudinal and shear stresses are generated by guided waves and thus various 
types of defects can be detected by guided waves afterproperly combining normal and shear stress components, (3) 
guided waves have multiple modes and by tuning the appropriate mode it is possible to image various types 
ofhidden defects. 
 Ultrasonic waves for NDT applications are often generated by ultrasonic piezoelectric transducers or piezo-
ceramic patches mounted on the specimen. Piezoelectric transducers and patches are used both as transmitters to 
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generate, and as receivers to receive ultrasonic waves. Sometimes the specimen is immersed in a fluid medium for 
NDT inspection because the fluid serves as a good coupling medium for ultrasonic waves. When the specimen is 
immersed in a fluid, the ultrasonic waves can easily travel from the transducer to the specimen through the coupling 
fluid. However, ultrasonic waves encounter difficulty in propagating through porous and viscous materials because 
these waves attenuate very fast in such materials. For nondestructive inspection of such materials electromagnetic 
waves in the terahertz (1012 Hz) frequency reange have been found to be quite useful.  Those electromagnetic waves 
are called T-ray.    
 For better understanding of the experimental results and for correct interpretation of ultrasonic and 
electromagnetic wave generated images and scattered field patterns a good understanding of the interaction between 
these waves and the specimen geometry is needed.For this reason a good modeling tool for the analysis of wave 
propagation in specimens having various geometrical shapes and containing internal anomalies is necessary.These 
problems cannot be solved analytically. Numerical techniques such as the finite element method (FEM) and 
boundary element method (BEM) are not very efficient for modeling high frequency wave propagation problems 
because the required element size is very small for that case. 
 An efficient semi-analytical technique called DPSM (Distributed Point Source Method) has been recently 
developed for this purpose and is discussed here. This technique is very useful for modeling the stress/displacement 
fields(for ultrasonic waves) and electric/magnetic fields (for electromagnetic waves) in the vicinity of an anomaly – 
crack and inclusion - or a boundary. Thus DPSMcan numerically simulate ultrasonic and electromagnetic 
experiments. In this new era of immense computational power, engineers and scientists are implementing different 
numerical and semi-analytical techniques to solve a variety of engineering and scientific problems using high speed 
computers to reduce the cost and time associated with conducting experiments.  
 The FEM has gained popularity for numerical simulation in almost all fields of engineering. However, the 
success of the finite element method in high frequency wave propagation problems has been limited due to the 
requirement of extremely small size elements. DPSM can avoid this difficulty and successfully model the wave 
fields in fluid and solid structures. 
 DPSM technique for ultrasonic field modeling was first developed by Placko and Kundu [1]. They 
successfully used this technique to model ultrasonic fields in a homogeneous fluid [2], non-homogeneous fluid with 
multiple interfaces [3], and fluid containing a cavity [4,5]. It wasalso extended to model phased array transducers 
[6].Itwasthen generalized to model stress and displacement fields near a fluid-solid interface [7], in plates with 
uniform and non-uniform thicknesses [8-10], and in the vicinity of cracks [11-14]. 
2. Experimental Investigation 
 Experimental results fora composite plate and a composite-concrete interface are presented in this section 
to show the superiority of the guided wave imaging technique over the conventional C-scan technique that uses bulk 
or body waves (often longitudinal or P-wave).  
2.1 Composite Plate Inspection by Ultrasonic Technique 
 To compare guided wave and bulk wave generated ultrasonic images, a five-layered composite plate was 
fabricated with some internal defects [15]. Fibers in the top, bottom and middle layers run in the 0o direction while 
the second and fourth layer fibers run in the 90o direction.Top and bottom layers did not have any imperfection but 
the fibers in the middle layer were broken as shown in Fig. 1.Some fibers from the fourth layer were missing, see 
Fig. 1. There are no broken or missing fibers in the second layer; however during the fabrication process the left half 
of the second layer was not properly attached to its neighboring layer and it created a delamination defect.The 
objective was to detect these internal defects (broken fibers in the third layer, missing fibers in the fourth layer, and 
the delamination the the second and the first layers)in otherwise perfect looking composite plate specimen by 
scanning it with the bulk P-wave (Conventional C-scan technique) and different Lamb waves. Generated images are 
shown in Fig. 2.From this figure one can see that the bulk wave images can only show the delamination defect while 
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2.3 Porous Material Inspection by Electromagnetic THz Radiation 
 Ultrasonic waves cannot detect cracks and voids inside veryporous materials because such materials have 
high attenuation for ultrasonic energy; so it does not allow the ultrasonic energy to penetrate deep inside 
thesematerials.  One example of such porous materials is silica foam TPS (thermal protection system) tiles used in 
space shuttle as heat insulators.  Electromagnetic radiation in terahertz (THz) frequency range (also known as T-
ray), can easily penetrate into such highly porous foam materials. T-ray has resolution needed to detect the internal 
defects. 
 Experiments were conducted on porous polymer tiles to see if mechanical damages (such as cylindrical 
holes) in the tile can be detected by passing T-ray through it.  One can see in Fig. 5 that the strength of the 
transmitted THz beam at frequency 500 GHz and higher was altered due to the presence of a 3 mm diameter 
cylindrical hole oriented perpendicular to the beam path (left figure) while the same hole, when oriented parallel to 
the beam path (right figure), affected THz beam with frequency as low as 200 GHz [26,27]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Transmitted T-ray strength as a function of the signal frequency in presence and absence of a cylindrical 
hole oriented perpendicular (left) and parallel (right) to the beam path [26,27] 
 After successfully detecting the mechanical damage, it was investigated if the heat induced damage could 
be detected by THz beams. Extremely porous artificial pumice stone blocks (see Fig. 6) made of polymers were 
subjected to long term heat exposures at temperatures ranging from room temperature to close to the material’s 
melting point. It was found that effective dielectric properties were changed as the heat exposure temperatures were 
raised.  A consistent trend with the heat exposure temperature variation was observed in sub-THz frequency.  It was 
observed (see Fig. 6) that the material went through significant changes in its dielectric properties(permittivity index 
and loss tangent) between 200oC and 400oC, well below its melting point which was near 900oC [26, 28].  
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Variations of the electromagnetic properties of a porous tile (shown in the middle) as a function of the 
signal frequency for different heat exposure temperatures – the left figure shows the real part of the permittivity 
index variation and the right figure shows the loss tangent variations[28]. 
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3. Modeling 
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Figure 11:Pressure variation in the fluid generated by a 2.25 MHz transducer of diameter 6.35 mm (0.25 inch) 
striking a corrugated plate (left) and a flat plate (right) at 40o striking angle [10]. 
3.1 DPSM Technique for Electromagnetic Wave Modelling 
The Electric and Magnetic fields in terms of Vector potentialsusing the Lorentz gauge are given by [33]: 
 
( ).
( )
A
E A
∇ ∇
= +
−
iȦȝı iȦȝò      (3) 
 
 
B A= ∇ ×       (4) 
 
The Helmholtz equation in terms of vector potential is:  
 
2 2
,f sk ȝA A J∇ + = −      (5) 
2 2 ık ȝ Ȧ iȝ Ȧ    = +ò      (6) 
In which:  
ò =Permittivity of the Linear Medium, C2/N.m2 
ȝ =Permeability of the Linear Medium, N/A2 
,f sJ =Currents due to free sources  
Considering the potential equation due to a Dirac pulse excitation at source point sx : 
 
2 2 4 ( )     sk ʌįA A∇ + = x      (7) 
( )
j
exp ikr
A G
r
−
= =      (8) 
( )1 2 3, ,A A AA =  is the potential Green’s function vector and r is the distance of target point tx from the source point 
sx .  
In DPSM discrete point sources are distributed near boundaries and interfaces. It is assumed that every point source 
has three components of strength 1 2 3J ,J ,J that are computed in such a way that the boundary conditions and the 
compatibility conditions at interfaces are satisfied. The potential field vector due to a single point source using Eq.8 
in terms of 1 2 3J ,J ,J  and Green’s function G is defined as: 
Water 5HIOHFWLRQE\&RUUXJDWHG 
3ODWH'3603UHGLFWLRQ 
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[ ]A P J=      (9) 
 
In which: 
{ }T1 2 3J J JJ =   and  
1 0 0
0 1 0
0 0 1
P
ª º« »
= « »« »¬ ¼
G
 
  
Using Eqs. 3 and 9, the electric field due to a single point source can be expressed in terms of 1 2 3J ,J ,J  and the 
Green’s functions. 
After some mathematical manipulation (see Refs. 26 and 34 for details) the electric field vector in terms of Green’s 
functions and three point source strength components 1 2 3J ,J ,J  is given as: 
( ) ( ) ( ) ( )( ) ( )
1 1 2 2 3 3m m m
m m
J Gd J Gd J Gd
E iȦJ Gȝı iȦȝ
r r r
r r
+ +
= +
− ò
   (10) 
 
Rewriting Eq.10 in matrix form gives: 
 
[ ]E F J=             (11) 
 
In which 
( )
11 21 31
12 22 32
13 23 33
0 0
1 0 0
0 0
F
ª º ª º« » « »
= +« » « »
− « » « »¬ ¼¬ ¼ò
Gd Gd Gd iȦG
Gd Gd Gd iȦG   ȝı iȦȝ
Gd Gd Gd iȦG
 (12) 
 
For solving a problem with two spherical scatterers (X1 and X2 in Fig. 12(a)) in front of an electric emitter the 
DPSM model should place point sources both behind the emitter surface and the scatterer interfaces as shown in Fig. 
12(a).  The DPSM generated electric field in front of the emitter in absence and presence of scatterers are shown in 
Figs. 12(b) to (d) [34].  
 
      (a)           (b)        (c)                             (d)                        (e) 
Figure 12: Interaction between Gaussian THz beam beam and dielectric scatterers generated by DPSM modeling - 
(a) Schematic of the DPSM model showing point source locations, (b) electric field withno scatterer, (c) electric 
field with oneoff-axis single scatterer, (d) electric field with oneon-axis single Scatterer, and (e) electric field in 
presence oftwo scatterers[34]. 
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Conclusions 
In this paper some experimental results and semi-analytical DPSM generated results are presented for both 
ultrasonic and electromagnetic wave propagation problems in presence and absence of anomalies. Experimental 
results show the advantage of using ultrasonic guided waves for internal defect detection and advantage of using 
electromagnetic THz radiation for detecting mechanical and heat induced damage in highly porous materials. 
Different computed results demonstrate the flexibility of DPSM in modelling elastic and electromagnetic wave 
scattering problems. Interested readers are referred to a number of references provided in the text and in the figure 
captions for more detailed derivation of the theory and systematic presentation of the experimental results. 
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